Rationale: Increased sympathetic nerve activity has been linked to the pathogenesis of hypertension in humans and animal models. Enhanced peripheral chemoreceptor sensitivity which increases sympathetic nerve activity has been observed in established hypertension but has not been identified as a possible mechanism for initiating an increase in sympathetic nerve activity before the onset of hypertension. Objective: We tested this hypothesis by measuring the pH sensitivity of isolated carotid body glomus cells from young spontaneously hypertensive rats (SHR) before the onset of hypertension and their control normotensive Wistar-Kyoto (WKY) rats. Methods and Results: We found a significant increase in the depolarizing effect of low pH in SHR versus WKY glomus cells which was caused by overexpression of 2 acid-sensing non-voltage-gated channels. One is the amiloride-sensitive acid-sensing sodium channel (ASIC3), which is activated by low pH and the other is the 2-pore domain acid-sensing K ؉ channel (TASK1), which is inhibited by low pH and blocked by quinidine. Moreover, we found that the increase in sympathetic nerve activity in response to stimulation of chemoreceptors with sodium cyanide was markedly enhanced in the still normotensive young SHR compared to control WKY rats. Conclusions: Our results establish a novel molecular basis for increased chemotransduction that contributes to excessive sympathetic activity before the onset of hypertension. (Circ Res. 2010;106:536-545.)
I
ncreased sympathetic nerve activity (SNA) has been linked to the pathogenesis of hypertension in humans with essential hypertension, [1] [2] [3] [4] with borderline hypertension 5 and with obstructive sleep apnea. 6 Similarly, exaggerated sympathoadrenal drive is a major determinant of the elevated arterial pressure in the spontaneously hypertensive rat (SHR) model of genetic hypertension. 7, 8 There is also evidence that in young SHR there are regional increases in sympathetic activity 9 and changes in norepinephrine levels 10 that occur at 4 to 5 weeks of age before the onset of hypertension. In young SHR sympathectomy and prazosin abrogate the subsequent development of hypertension in adult rats. 10 Recent studies by Simms et al 11 also support the view that increased SNA is already present in neonatal SHR before the onset of hypertension as evident in the significant enhancement of respiratory-coupled bursts of sympathetic activity compared to Wistar-Kyoto (WKY) rats. Our goal was to identify mechanisms that could result in the initiation of an early increase in SNA in the SHR before hypertension.
We considered the possibility that enhanced chemoreceptor activity may be such a mechanism for 2 reasons. First, the chemoreceptor reflex is enhanced in established hypertension [12] [13] [14] [15] and, it increases SNA and blood pressure when activated by hypoxemia, hypercapnia, and acidosis. 12,13,16 -19 Second, the increases in SNA reported in the young SHR 9, 10 have been associated with disturbances in acid-base balance before the onset of hypertension. 20, 21 Such changes in acidbase balance may activate peripheral chemoreceptors and exaggerate sympathetic drive.
Therefore, in this study, we tested the hypothesis that carotid body chemoreceptors are hypersensitive in SHR before the onset of hypertension. Cellular and molecular studies on isolated carotid body glomus cells allowed us to define an enhanced responsiveness of specific acid-sensing ion channels and their overexpression in SHR. Additionally, functional studies revealed augmented SNA in response to chemoreceptor stimulation with intraarterial sodium cyanide (NaCN) in prehypertensive SHR compared to WKY rats. The results establish a novel molecular basis for increased chemotransduction that contributes to the initiation of excessive SNA.
Methods
The work was performed on SHR and WKY rats, 4 to 6 weeks of age. All animal handling and experimental protocols were approved by the animal care and use committee of the University of Iowa. Published protocols for isolation of glomus cells from rat carotid bodies were followed. 22, 23 Conventional whole-cell perforated patch clamp recordings from glomus cells provided data on membrane currents and voltage potentials during fast exchanges of various pH solutions extracellularly, whereas intracellular pH was buffered at pH 7.2. Carotid body mRNA and proteins were measured at 1 month of age using real-time RT-PCR, Western blots, and immunohistochemistry to determine the expression of acid-sensing sodium channels (ASICs) and 2-pore domain acid-sensitive K ϩ (TASK) channels as reported. 23 Using the working heart-brainstem preparation as previously described, 11 responses of thoracic sympathetic and phrenic nerve activities to intra-aortic NaCN were measured.
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org. This section includes Online Figure I showing age-dependent increases in blood pressure in SHR and WKY; Online Table I showing the PCR primer sequences; and  Online Table II showing the antibodies used in the study.
The Online Data Supplement also describes results that include Online Figure II showing a blockade of pH-induced rapid inward currents with amiloride; Online Figure III showing voltage-dependent outward currents blocked by low pH and quinidine; Online Table III  showing selective effects of amiloride and quinidine on low pH-induced  depolarizations; and Online Table IV showing hemodynamic, autonomic, and respiratory responses to chemoreceptor stimulation with NaCN.
Results
There was no significant difference in the size (cell diameter), membrane capacitance, membrane resistance, and resting membrane potential between SHR and WKY glomus cells. Values were 9.1Ϯ0.2 m, 4.8Ϯ0.3 pF, 3.0Ϯ0.3 G⍀ and Ϫ60Ϯ1mV (nϭ28) in SHR, and 9.1Ϯ0.1 m, 4.7Ϯ0.3 pF, 2.6Ϯ0.3 G⍀ and Ϫ57Ϯ1mV (nϭ36) in WKY.
Acid-Evoked Rapid Inward ASIC-Like Currents
Extracellular solutions at pH 7.0, 6.5, 6.0 and 5.5 triggered pH-dependent initial rapid inward currents that were markedly enhanced in SHR compared with WKY glomus cells ( Figure  1A ). Both the amplitude and density of these currents were significantly higher in SHR ( Figure 1B) . The threshold for activation occurred at about pH 7 or higher, and the currents were half-activated at pH 6.5 ( Figure 1A and 1C) . In addition, the rapid inward currents in both SHR and WKY glomus cells were significantly blocked by the ASIC blocker amiloride (200 mol/L) to 4Ϯ0.3% and 13Ϯ2% of control values and recovered after amiloride to 98Ϯ3% and 95Ϯ2% of control values respectively (please refer to the Supplement Material, Online Figure II ).
Acid-Inhibited TASK-Like Outward Background Potassium Currents
A slow ramp depolarization from Ϫ100 to Ϫ40 mV over a period of 2 seconds was used to record the background outward current (Figure 2 ). Outward currents recorded at pH 7.4 in glomus cells from a SHR and a WKY rat were increased by an alkaline pH of 8.0, and were progressively inhibited by acidic pHs of 7.0, 6.5, and 6.0 (Figure 2A and Comparison of extracellular acid-evoked rapid inward currents in glomus cells from WKY rats versus SHRs. A, Representative recordings show incremental acid-evoked currents that are pH-dependent and much greater in a SHR glomus cell than in a WKY cell (note different current scales). B, Mean maximum currents and mean current densities (pA/pF) of pH 6.0 -evoked currents were significantly (*PϽ0.05) enhanced in glomus cells from SHR compared to WKY. Values are meansϮSE. There was marked variability in responses among glomus cells and several WKY cells had no response to pH 6. C, Highly responsive cells were selected from the upper tertile of each group to test threshold, pH dependence, and sensitivity of the evoked currents. Left, pH-evoked current amplitudes were pH-dependent and significantly greater in SHR (*PϽ0.05). Right, Currents were normalized to the peak response induced by pH 6 Figure 2B ). The TASK channel blocker quinidine (1 mmol/L) reversibly inhibited the outward currents during ramp depolarizations as did low pH ( Figure 3A and 3C) . A residual outward current after quinidine was completely inhibited by quinidine plus low pH ( Figure 3A ). Figure 3B shows the pH-inhibited and quinidine-inhibited currents during the ramp depolarizations. The calculated reversal potentials of the pH-inhibited currents in both SHR and WKY coincide with the known reversal potential for K ϩ channels. Limited contributions by voltage-gated currents to pH responses are discussed and presented in the Online Data Supplement (Online Figure III) .
Acid-Induced Depolarizations
The activation of inward ASIC currents and inhibition of outward TASK currents caused early rapid and subsequent sustained depolarizations, respectively. Under current-clamp conditions, graded pH levels of 7.0, 6.5, and 6.0 were applied. The rapid "initial depolarization," which peaked within 5 seconds, was followed by a more "sustained depolarization" that reached a plateau over 15 to 20 seconds ( Figure 4A ). Both the initial and the sustained depolarizations were pHdependent and were significantly enhanced in glomus cells from SHR versus WKY rats (ANOVA, Figure 4A and 4B).
The ASIC blocker amiloride (200 mol/L) did not alter resting membrane potential of glomus cells of SHR (Ϫ1.5Ϯ0.3 mV, nϭ6) and WKY (Ϫ0.8Ϯ0.6 mV, nϭ6) rats, but it specifically and reversibly inhibited (PϽ0.01) the initial rapid depolarization in response to low pH, leaving the slower Figure 2 . Effect of pH on TASK-like outward background leak current seen with slow ramp depolarization from Ϫ100 to Ϫ40 mV. A, Representative recordings show pH-dependent inhibition of the currents from a WKY and a SHR glomus cell with progressive reductions in pH. The pH-sensitive currents were calculated by subtracting values obtained at pH 6.0 from those at pH 8.0. The reversal potentials of these pH-inhibited currents averaged Ϫ80.3Ϯ4.2 mV (nϭ10) and Ϫ87.2Ϯ4.5 mV (nϭ11) for WKY and SHR, respectively, and were not statistically different. These values coincide with the reversal potential of the outward leak K ϩ currents that have a theoretical reversal potential of Ϫ85.7 mV. B, MeansϮSE of outward background currents recorded at Ϫ40 mV during exposure to progressively lower levels of pH ranging from pH 8.0 to pH 6.0. The acid-inhibited outward current was significantly enhanced in SHR cells compared to WKY (ANOVA) and the current at pH 8.0 was significantly larger in SHR than in WKY (Bonferroni). Values are meansϮSE. *PϽ0.05 for post hoc comparison (Bonferroni) between SHR and WKY cells. Effect of quinidine on the pH-sensitive outward background leak current (TASK). A, Representative recordings from an SHR glomus cell show that both pH 6.0 (left tracing) and 1 mmol/L quinidine (middle tracing) reversibly inhibited the outward background currents during ramp depolarization from Ϫ100 to Ϫ40 mV. The small residual outward current seen after quinidine was completely inhibited by quinidine plus low pH (right tracing). The rightward shift of the curve with pH 6.0 compared to control is not seen with quinidine, suggesting the presence of a pH-insensitive, but quinidinesensitive, inward current that is blocked by quinidine. B, The tracings represent a pH-sensitive current calculated by subtracting values obtained during the ramp depolarizations at pH 6.0 from those obtained at pH 8.0; the quinidine-sensitive current was calculated by subtracting the values during ramp depolarizations at pH 7.4 after quinidine from those before quinidine. The reversal potential of the pH-sensitive current was Ϫ82 mV, which coincides with that of K ϩ current. The quinidine-sensitive net current had a reversal potential of Ϫ64 mV, reflecting blockade of both the outward K ϩ current and an inward current which is not sensitive to pH. The mean group value for the quinidine-sensitive current reversal potential was 63.4Ϯ2.4 mV (nϭ5). C, The bar graphs show that the outward currents measured at Ϫ40 mV (meansϮSE) are completely inhibited by pH 6.0 followed by recovery (left) and markedly reduced by quinidine followed by recovery (right). **PϽ0.01 for differences from control and from recovery.
sustained depolarization intact ( Figure 5 and Online Table  III ). In contrast to amiloride, the TASK blocker quinidine (1 mmol/L) caused depolarizations of the resting membrane potential that were greater in SHR glomus cells (⌬20.6Ϯ1.7 mV, nϭ5) compared to WKY (⌬ 16.0Ϯ0.8 mV, nϭ5) (PϽ0.05) ( Figure 5 ). Moreover, quinidine reversibly inhibited (PϽ0.05) the sustained depolarization in response to low pH, while the initial depolarization with low pH remained intact ( Figure 5 and Online Table III ). The inhibitory effects of both blockers were similar in SHR and WKY.
Expression of ASIC and TASK Channels in Carotid Bodies
Carotid bodies were obtained from 1 month old rats. Figure  6A shows the bands of real time PCR products of carotid bodies of WKY rats. Only one band in each lane was observed verifying the specificity of the PCR primers for each gene expressed. mRNA expression of TASK1, TASK3, ASIC1b and ASIC3 were significantly higher in SHR than in WKY carotid bodies ( Figure 6B ).
Protein expressions were detected by Western blotting. Carotid bodies from rats were pooled and homogenized as one sample for extracting membrane proteins. Three such samples were analyzed from SHR and four from WKY rats. TASK1 and ASIC3 protein expression were each increased significantly in SHR over WKY carotid bodies by 100Ϯ48% and 36Ϯ0.4% respectively ( Figure 6C and 6D ), but the brain values of both channels were not different between SHR and WKY rats. Despite increased mRNA levels of ASIC1b in SHR versus WKY, the protein expression was not significantly increased (data not shown).
Clusters of glomus cells from SHR are shown in Figure 7 . The expression of tyrosine hydroxylase (TH) identified type I glomus cells. TH, TASK1 and ASIC3 were detected from the immunofluorescence signals. TASK1 and ASIC3 were each expressed in type I glomus cells, and each colocalized with TH ( Figure 7A and 7B). The majority of cells expressing TASK1 and ASIC3 were also TH positive and ASIC3 and TASK1 were colocalized in several cells ( Figure 7C ).
Increased SNA in Response to NaCN in SHR Versus WKY Rats
Using the working heart-brainstem preparation, 11 the changes in thoracic SNA, heart rate, perfusion pressure and phrenic nerve activity were measured in response to stimulation of carotid chemoreceptors with intraarterial injections of NaCN. NaCN increased SNA in both SHR and WKY rats ( Figure 8A ). The increase was significantly enhanced in the expiration phase of respiration in SHR (PϽ0.001) ( Figure 8B and Online Table IV ). In SHR, the bradycardia was less pronounced than in WKY rats (PϽ0.05), whereas the increased frequency of phrenic nerve activity bursts and perfu- . Acid-evoked depolarizations were greater in SHR cells. Amiloride (A) did not alter the resting membrane potential, but quinidine (Q) (1 mmol) depolarized the cells to a greater degree in SHR (cell 4 from Ϫ55 to Ϫ28 mV) than in WKY (cell 2 from Ϫ56 to Ϫ42 mV). In addition, amiloride blocked selectively and reversibly the ASIC-mediated initial depolarizations in both WKY (cell 1) and SHR (cell 3), whereas the sustained depolarizations were preserved (the dotted lines delineate the rapid and sustained depolarizations). In contrast, quinidine reduced significantly the sustained depolarization that is TASK-mediated in cell 2 (WKY) and cell 4 (SHR), whereas the initial depolarizations were preserved. Resting membrane potentials measured at pH 7.4 are indicated above baseline traces. sion pressure were not significantly different in the 2 groups ( Figure 8A and Online Table IV ).
Discussion
It is increasingly evident that exaggerated SNA is an essential component of the pathogenesis of hypertension in humans and in animal models. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Two important issues have been unclear. One is the mechanism that leads to excessive SNA and the second is whether the increase in SNA occurs before the onset of hypertension.
We addressed these 2 issues in a genetic model of neurogenic hypertension, the SHR, because it exhibits early signs of increased SNA before the onset of hypertension at 4 to 6 weeks of age 9 -11 and there is evidence that chemicalsympathectomy plus prazosin abrogate the development of hypertension in the adult rats. 10 Our results show that in young SHR compared to WKY: (1) carotid body glomus cells are hyperresponsive to low pH; (2) activation of amiloride-sensitive ASIC-like inward sodium currents and inhibition of quinidine-sensitive TASK-like outward potassium currents by low pH are enhanced, resulting in greater rapid and sustained depolarizations respectively; (3) carotid body mRNA and protein expression of ASIC3 and TASK1 are significantly increased at 1 month of age; and (4) activation of peripheral chemoreceptors with intraarterial NaCN causes significantly greater increases in thoracic SNA.
These results demonstrate exaggerated SNA responses to peripheral chemoreceptor activation before the development of hypertension and provide a molecular basis for enhanced chemoreceptor activity. We speculate that the genetic overexpression of ASIC and TASK channels in carotid bodies results in increases in SNA that may initiate increases in vascular resistance and contribute to structural changes that are seen in chronic hypertension.
In this discussion, we address: (1) the relative roles of ASIC and TASK channels versus other ion channels and molecular modulators of chemoreceptors; (2) the mechanisms that may be involved in overexpression of acid-sensing ion channels versus other genetic factors that may contribute to the initiation of hypertension in young prehypertensive SHR; and (3) the functional implications of enhanced chemoreceptor activity and consequent increases in SNA. 
Ionic Mechanisms of Chemoreceptor Activation
The depolarization of glomus type I cells in carotid bodies is recognized as the primary event in the chemotransduction of hypoxemia, hypercapnia, and acidosis. 13, 16, 24 The resulting increase in intracellular Ca 2ϩ causes the release of neurotransmitters (ATP and acetylcholine) that activate the adjacent carotid nerve endings triggering both hyperventilation and sympathetic activation. [25] [26] [27] [28] [29] Hypoxemia has been reported to induce closure of K ϩ channels including the large-conductance Ca 2ϩ -activated potassium (BK) channels. 30 -33 The transduction of acidosis includes a drop in intracellular pH which may inhibit voltage-gated K ϩ channels 13, 19, 35 but may also be mediated by extracellular pHsensitive ion conductances such as Cl currents 36 and the non-voltage-gated TASK-like currents. 37 We have reported that extracellular acidosis activates the non-voltage-gated acid-sensing sodium channels (ASICs) causing a rapid early depolarization of glomus cells followed by inhibition of the TASK channels that results in a sustained depolarization. 23 The capacity of lactate to facilitate proton-gating of ASICs by chelating extracellular Ca 2ϩ suggests that ASICs may be particularly important pH sensors during metabolic acidosis. 38 Although extracellular acidosis may directly inhibit L-type Ca 2ϩ currents and possibly indirectly inhibit BK, 39, 40 we found that iberiotoxin (the specific blocker of BK) had no influence on the acid-evoked inward current and depolarizations. 23 This is in contrast with the effect of hypoxia which may induce depolarization by inhibition of BK, 33 as well as inhibition of voltagegated K V02 , 12 and of TASK-like currents. 17, 37 A clear definition of ion channels involved in the transduction of hypoxia, hypercapnia and acidosis remains a challenge because of the complexity of channel interactions. It appears, however, that extracellular acidosis involves predominately non-voltage-gated ASIC3 and TASK-like currents.
Assessment of Contributions of the ASIC and TASK Currents to the Depolarization of Glomus Cells

Role of ASICs
The rapid kinetics of activation and inactivation of ASIC [41] [42] [43] may limit its functional contribution to acid chemosensing. However, the complementary contribution of TASK channels and the coexpression of both ASIC and TASK in glomus cells allow the rapid early depolarization by ASICs to be followed by the slower more sustained depolarization by TASKs in response to low pH. The ASIC desensitization which is much slower in the glomus cells than reported in eg, dorsal root ganglion neurons may also be modulated under certain conditions to sustain a more persistent response to prolonged stimuli as was reported in myocardial ischemia. 38, 44 Although there is a significant variability in the ASIC response to low pH, the percentage of responsive glomus cells is enhanced significantly in the presence of low Ca 2ϩ and high lactate, and in glomus cells from SHR. Moreover, the current density is high especially in SHR glomus cells as is the ASIC message and protein expression with immunofluorescence of a majority of cells.
Role of TASK
Buckler and colleagues were the first to point to the role of TASK-like non-voltage gated K ϩ channels in the pH response of neonatal rat glomus cells. 37, 45, 46 Biophysical and metabolic regulation of this potassium channel in glomus cells indicates that it provides a background leak outward current to maintain a more negative resting membrane potential. 47, 48 Reduction of this background current by low oxygen or low pH depolarizes and activates the glomus cell. Also, the quinidine-induced depolarization of glomus cells may be explained in part by inhibition of the TASK leak current. In contrast, ASICs are not active at resting membrane potentials and their inhibition by amiloride does not alter the resting membrane potential.
In this study, we were able to quantify the magnitude of the outward leak background current with a slow ramp depolarization from Ϫ100 to Ϫ40 mV. There was a significant pHdependent regulation of the TASK outward current with enhancement at pH 8.0 and progressive inhibition as pH was lowered to 6.0. The calculation of pH-inhibited outward current during the ramp depolarization revealed a reversal potential of Ϫ82.0 mV ( Figure 3B ) that coincides with that of a selective K ϩ channel (ie, Ϫ85.7 mV). That reversal potential was similar in SHR (Ϫ87.2Ϯ4.5 mV) and WKY (Ϫ80.3Ϯ4.2 mV), suggesting the engagement of comparable pH-sensitive outward currents in both SHR and WKY, although the magnitude of the inhibited current was greater in SHR. In contrast, the calculated quinidinesensitive net current during ramp depolarization had a reversal potential of Ϫ64.0 mV, which is significantly less negative than that of K ϩ indicating a contribution of an inward current that is pH-insensitive, but quinidine-sensitive.
The concentration of quinidine used in the present study (1 mmol/L) was insufficient to block totally the sustained depolarization. A higher concentration of 2 to 5 mmol/L of quinidine was also tested. The higher doses of quinidine caused additional inhibition of the depolarization but often disturbed the stability of membrane potential and its recovery (data not shown). Thus, quinidine effects on the sustained depolarization may not be specific solely to its inhibition of TASK.
Role of Voltage-Gated Currents
Using various blockers of voltage-gated currents in our previous report, 23 we concluded that the primary contributions to pHinduced depolarizations in glomus cells was determined by the activity of the 2 non-voltage-gated ion channels ASICs and TASKs. In this study, we pursued further the possible role of voltage-gated channels in the pH-sensitivity of SHR and WKY glomus cells. The results are presented and discussed in the Online Data Supplement (Online Figure III) .
Briefly, we used patch-clamp measurements of outward currents during the slow ramp depolarizations of glomus cells from Ϫ100 mV to 0 mV as well as during rapid step (50ms) depolarizing pulses from a holding potential of Ϫ60 mV to Ϫ40 mV and beyond up to ϩ20mV. We did detect large outward currents at very low negative potentials as well as at positive potentials. These were equally inhibited by low pH in SHR and WKY. We question their functional significance because glomus cells rarely develop action potentials and the outward currents were most pronounced during marked slow ramp depolarizations or step depolarizations to positive membrane potentials (refer to Online Figure III) .
Mechanisms Involved in Overexpression of Acid-Sensing Ion Channels
Several mechanisms have been identified as potential regulators of expression of ASICs. Inflammation has been shown to induce large increases in ASIC expression in sensory neurons through proinflammatory mediators nerve growth factor, serotonin, interleukin-1, and bradykinin. 49, 50 An analysis of the promoter region of the ASIC3 encoding gene reveals that gene transcription is controlled by nerve growth factor and serotonin. 50 It is interesting that the tissue levels of both nerve growth factor and bradykinins are increased in young SHR. 51, 52 Moreover, the disturbance of acid-base balance in young SHR might affect the expression of ASICs because chronic metabolic acidosis has been found to upregulate expression of ENaCs, another member of the DEG/ENaC superfamily, as well as other genes involved in acid-base, sodium, and water transport and in cell proliferation. 20, 53, 54 More than 25 transcripts encoding proteins involved in urine acidification were coregulated during acidosis. 54 We speculate that the adjustment to metabolic acidosis in the young SHR may not only include the kidney, but the cardiovascular system through upregulation of acid-sensing ion channels in the glomus cells of the peripheral chemoreceptors, which are the critical sites for reflex adjustments to pH changes.
Functional Significance and Mechanisms of Enhanced Chemoreceptor Activity
The peripheral chemoreceptor reflex contributes to exercise hyperpnea in humans 55 and provides a respiratory compensation for the metabolic acidosis of exercise. 56 Enhanced peripheral chemoreceptor sensitivity and sympathetic activity are often coupled with a reduction in baroreceptor activity 57, 58 and are found in patients with borderline hypertension, 5 in animal models of hypertension such as SHR, 14 and chronic intermittent hypoxia, 15 and in heart failure. 59 In congestive heart failure, the enhanced SNA is thought to be a consequence of the heart failure but it also contributes greatly to the morbidity and mortality. 60, 61 The reported mechanisms involved in increased carotid body nerve activity in heart failure include overexpression of AT 1 receptors, 62 enhanced NADPH oxidase-derived superoxide anion production, 63 inhibition of voltage-gated potassium channels (K V O), 64 and the downregulation of carbon monoxide and nitric oxide in carotid body. 65 The blunted outward K vo2 current in CB glomus cells and the chemoreceptor sensitivity to hypoxia have been normalized by gene transfer of CuZn superoxide dismutase to carotid body. 66 In hypertension, enhanced SNA is recognized as an important component of the disease that sustains hypertension [1] [2] [3] [4] and, an exaggerated chemoreceptor activity contributes to the process. 5, 6 In contrast to heart failure, the molecular mechanisms involved in the exaggerated chemoreceptor activity in hypertension are less clear. 12 Chronic intermittent hypoxia enhances carotid body chemoreceptor discharge 67 leading to increased SNA and elevated arterial pressure in normal rats. 68, 69 In the SHR, a genetic model of neurogenic hypertension, the carotid body nerve discharge during hypoxia is augmented, 14, 70 the carotid bodies are enlarged, 71 and minute ventilation is increased. 72 More importantly, however, increased SNA and norepinephrine release in skeletal muscle and adipose tissue occur early in young SHR before the onset of hypertension and may therefore contribute to its initiation. 9 -11 Chronic hyperventilation, a hypermetabolic state, and metabolic acidosis also occur before hypertension 20, 21 and are compatible with increased chemoreceptor activity. The potential contribution of this enhanced peripheral chemoreceptor sensitivity to an early prehypertensive increase in SNA which we now report had not been examined previously.
We have herein provided support for that scenario. The significant increase in SNA in the young prehypertensive SHR following intraarterial injection of NaCN supports the conclusion that the chemoreceptor reflex is enhanced. Cyanide is a potent stimulus of chemoreceptors which simulates a hypoxic response by inhibition of mitochondrial oxidative respiration. 73 Its inhibitory effect on TASK-like currents in glomus cells causing their depolarization 74 is among the mechanisms by which it stimulates chemoreceptors possibly through a drop in intracellular pH. Our in vivo findings of chemoreceptor hypersensitivity with direct recordings of SNA, coupled with evidence of enhanced glomus cell depolarization and overexpression of acid-sensitive channels in the prehypertensive stage strongly support our hypothesis that activated chemoreceptors may provide a genetically determined sympathoexcitatory signal before the development of hypertension.
Other Genetic Factors That May Contribute to the Development of Hypertension in SHR
Several other abnormalities in gene expression have been described in prehypertensive SHR and may be linked to the development of hypertension. Young SHR demonstrate an increase in sodium retention. Enhanced expressions of AT 1 R mRNA 75 and Na ϩ K ϩ ATPase 76 were found in proximal renal tubule of 4 week-old SHR compared to WKY. Vascular smooth muscle cells derived from aortas of 4-week-old SHR also show exaggerated growth, increased production of Ang II, and increased expression of several growth factors, adhesion molecules and cytokines. 77 Phospholipase C isozymes and phospholipase activity are also upregulated in systemic and renal vasculatures in 6-week-old SHR. 78 Functional adhesion molecule-1 is differentially expressed in multiple regions of the brain and in all peripheral vascular beds. More specifically, its expression in the nucleus tractus solitarius was significantly higher in SHR both at 3 weeks of age (prehypertensive), as well as in the adults (15 weeks old), suggesting a prohypertensive role for this protein in the brain stem. 79 
Limitation of Interpretations
Our results provide the first demonstration of chemoreceptor hyperactivity in young prehypertensive SHR reflected in increased SNA in response to intraarterial NaCN. The overexpression of acid-sensing channels in glomus cells is likely an important factor in the initiation of this carotid body hyperactivity. Because we showed that this hyperactivity leads to increased SNA and others have reported that the elimination of SNA at this stage 10 prevents the development of hypertension, future studies may consider if targeted inhibition of expression of ASIC and TASK in the carotid body will suppress the development of hypertension in SHR.
Of particular interest has been the recognition of the wide variability in responses between glomus cells, which we report in Figure 1 . Early reports on ultrastructure of type 1 glomus cells 80 -82 reveal that some had very large dense microvesicles, whereas others had less dense or clear vesicles, and some were heavily innervated and others were not and may explain the wide variability in responses to low pH. These differences led some investigators to classify type 1 glomus cells into 2 or more subtypes. The differences in structure and innervation may denote different transmitters and the expression of different ion channels and certainly suggest selective sensitivities to different chemical stimuli such as pH, hypoxia or hypercapnia.
A quantitative correlation between the varying electrophysiological responses of individual glomus cells and the magnitude of gene or protein expressions in the whole carotid bodies with its diverse composition of glomus cells of different types, other cells, vascular tissue, axons or neurons would be very unlikely. Moreover, the ASIC channel is probably a heterotrimer and although ASIC3 is the predominately acid-sensitive subunit, the association with other subunits, rather than the amounts of ASIC3 protein, may determine the current magnitude.
Although the glomus cell is the site of initial chemotransduction and the enhanced chemoreceptor reflex may certainly reflect the carotid body hyperactivity, neural interactions at other sites involving afferent, central, and efferent neurons may also contribute to the enhanced reflex. The coupling of the enhanced SNA to the expiration phase of respiration ( Figure 8) demonstrates such an interaction.
Novelty and Significance
What Is Known?
• Increased SNA is an essential component of the pathogenesis of hypertension.
• Chemoreceptor hyperactivity can increase SNA in hypertension.
What New Information Does This Article Contribute?
• Increased chemoreceptor sensitivity is a cause of increased SNA in a genetic model of hypertension (the SHR) before the onset of hypertension.
• The cellular mechanism involves a hypersensitivity of the chemotransducing carotid body type 1 glomus cell to low pH.
• The molecular determinants include the overexpression of acid sensitive ion channels ASIC and TASK in the carotid bodies which initiate a prehypertensive increase in SNA and may cause the development of hypertension.
Increased sympathetic nerve activity has been linked to the pathogenesis of hypertension; however, 2 important issues have been unclear: first, what the cause of increased sympathetic nerve activity (SNA) is; and second, whether the increase in SNA contributes to hypertension. We report for the first time that in genetically hypertensive rats (SHR) hypersensitivity of chemoreceptors causes a greater increase in SNA at a very young age before the onset of hypertension. We have found that the isolated glomus type 1 cells of the carotid body, where chemotransduction occurs, have enhanced depolarization in response to low pH in the prehypertensive SHR compared to normotensive WKY because of increased expression of 2 ion channels. One, which conducts an inward sodium current, is a member of the acid-sensing ion channels (ASIC) family and opens at low pH. The other, which conducts an outer potassium leak current, is a 2-pore domain acid sensitive channel (TASK) that closes at low pH. Thus, early overexpression of these molecular determinants of hypersensitivity of chemoreceptors causing increased SNA may be important in the initiation and development of hypertension in SHR. The results support our hypothesis that activated chemoreceptors provide a genetically enhanced sympathoexcitatory signal before the onset of hypertension. Future basic and translational studies need to consider if targeted inhibition of expression of ASIC and TASK in the carotid bodies by genetic or pharmacological means could suppresses the development of hypertension.
